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Abstract

Jujubes have a beautiful taste, and high nutritional and economic value. The planting area
of dwarf and densely planted jujubes is large and shows an increasing trend; however, the
mechanization level and efficiency of fresh jujube harvesting are low. For this reason, our
research group conducted a study on mechanical harvesting technology for fresh jujubes. A
pneumatic jujube harvester was designed. This harvester is composed of a self-regulating
picking mechanism, a telescopic conveying pipe, a negative pressure generator, a cleaning
mechanism, a double-chamber collection box, a single-door shell, a control assembly, a
generator, a towing mobile chassis, etc. During the harvest, the fresh jujubes on the branches
are picked under the combined effect of the flexible squeezing of the picking roller and the
suction force of the negative pressure air flow. They then enter the cleaning mechanism
through the telescopic conveying pipe. Under the combined effect of the upper and lower
baffles of the cleaning mechanism and the negative-pressure air flow, the fresh jujubes
are separated from impurities such as jujube leaves and branches. The clean fresh jujubes
fall into the collection box. We considered the damage rate of fresh jujubes, impurity rate,
leakage rate, and harvesting efficiency as the indexes, and the negative-pressure suction
wind speed, picking roller rotational speed, and the inclination angle of the upper and
lower baffles of the cleaning and selection machinery as the test factors, and carried out
the harvesting test of fresh jujubes. The test results show that when the negative-pressure
suction wind speed was 25 m/s, the picking roller rotational speed was 31 r/min, and
the inclination angles of the upper and lower baffle plates for cleaning and selecting were
—19° and 19.5°, respectively, the breakage rate of fresh jujube harvesting was 0.90%, the
rate of impurity was 1.54%, the rate of leakage was 2.59%, and the efficiency of harvesting
was 73.37 kg /h, realizing the high-efficiency and low-loss harvesting of fresh jujubes. This
study provides a reference for the research and development of fresh jujube mechanical
harvesting technology and equipment.

Keywords: mechanical design; harvester; fresh jujube; pneumatic; harvesting trials

1. Introduction

As an important economic fruit unique to China, jujubes have a long history of
cultivation and a wide range of planting areas. China is the world’s largest producer of
jujubes, with the cultivated area and output of jujubes ranking first in the world. The date
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industry plays an important role in promoting regional economic development, increasing
farmers’ income and improving the ecological environment [1].

In the global jujube industry, China occupies a pivotal position. However, China’s
jujube harvesting chain faces many challenges. At present, the domestic jujube harvesting
mode is mainly manual, while mechanized harvesting accounts for a relatively small
proportion. During the ripening period, about 70% of the dried jujubes fall off due to the
natural breakage of the fruit stalk or wind force, while the remaining portion need to be
manually knocked on the branches to make them fall off and then picked up one by one by
hand to be crated. This type of operation is extremely labor-intensive, with poor working
conditions and low harvesting efficiency [2].

International research has focused on generalized technologies and equipment for
forest fruit harvesting. With the help of new materials, new agronomy, mechatronics, 35,
and other advanced technologies, the mechanization of foreign fruit harvesting is moving
in an intelligent, efficient, comfortable direction and has realized a series of products, and
the level of targeted, mechanized harvesting is quite high [3-7]. However, there is an
extreme lack of research on harvesting machinery for jujubes, especially for dwarf plants
and dense planting modes. Nevertheless, the general technology and equipment in the
field of forest fruit harvesting still provide valuable references for the development of
mechanization of jujube harvesting in China.

At present, China’s existing jujube harvesting machinery is mainly divided into two
categories according to its working principles: vibration or air suction. Vibrating jujube
harvesting machinery exists in various forms, including the robotic vibration shaking
trunk type, soft rubber rod rotating pumping type, double toggle drum rotating vibration
fruit removal type, and other types [8-11]. Pneumatic suction types include two types:
negative-pressure picking and cleaning harvesters and positive- and negative-pressure
conversion picking and cleaning harvesters [12-14]. Unfortunately, however, most of
these machines are still in the experimental stage and have not been popularized for
large-scale application. In actual production, manual picking is still the main harvesting
method, and the popularity of mechanized harvesting equipment is extremely low. Chinese
jujube planting widely uses dwarf dense planting modes. The mode of mechanized
harvesting equipment needs to be adaptable to stringent requirements. The existing
harvesting machinery has difficulty realizing efficient operation in dwarf and densely
planted orchards, and it is easy to cause damage to date palms in the operation process. In
addition, the harvesting of jujubes is highly seasonal and labor demand is concentrated,
while the problem of rural labor shortages has become more and more serious in recent
years, making the cost of manual harvesting climb sharply. At the same time, the agronomic
requirements of jujube planting, such as tree shape, row spacing, and fruiting position,
etc., are poorly adapted to mechanized operations, seriously hindering the large-scale
promotion of mechanized harvesting.

Based on the analysis of the above issues and referring to the existing jujube harvesting
machinery, this study designed a traction-type fresh jujube harvester for trees. This machine
utilizes the principle of double-roller collection. The handheld picking head can flexibly
move among the jujube trees to pick jujubes. It also tranches and cleans the jujubes
through negative-pressure air flow, thus achieving the collection of fresh jujubes from the
trees. Through the operation performance testing of the jujube harvester, its performance
parameters were verified.

The traction-type fresh jujube harvester designed in this study innovatively adopts
self-adjusting picking rollers, which greatly reduces the rate of damage to the jujubes. It is
combined with pneumatic harvesting methods to complete picking and cleaning. It not
only solves the problem of fresh jujube harvesting under the dwarfing and dense planting
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mode but also reduces the damage to jujube trees. This study provides a reference for
research on machinery for picking and harvesting fresh jujubes from trees.

2. Materials and Methods
2.1. Main Planting Patterns and Mechanized Harvesting Requirements

China’s jujube industry generally adopts a dwarfing and dense planting mode. Under
this mode, jujube trees show the characteristics of short and compact plants and wide
row spacing, which greatly facilitates the daily management of the orchard, including
fertilization, pruning, pest control, etc. At the same time, it has a significant role in
promoting the quality of jujube fruits. Compared with the traditional cultivation mode,
the dwarf dense planting mode has outstanding advantages in terms of economic benefits.
In this planting mode, the jujube tree spacing is 4 m, row spacing is 5 m, the average tree
height is 2.5 m, jujube tree crown width is 3.8 m on average. During the design process
of the pneumatic jujube harvester, the characteristics of the dwarfing and dense planting
mode were fully considered and relied on, aiming to achieve efficient harvesting of jujubes.

2.2. Basic Parameters of Jujube

Bottle jujube is named because its fruit shape resembles a bottle. Its fruit type is long
obovate or cylindrical. The whole fruit includes a small section under the big, the middle
waist part is slightly slender, and the long obovate fruit is shaped like a pot or bottle.

2.2.1. Measurement of the Shape and Size of Jujubes

We randomly collected 50 ripe jujube bottles and measured the three-axis dimensions
with vernier calipers to obtain the length range, width range, and thickness range of the
jujube fruit, and measured its single fruit mass.

2.2.2. Measurement of the Floating Speed of Jujubes

In a study of the levitation velocity of jujubes, adopting an L-shaped pitot tube and
DP2000-11(Yueqing Aidebao Instrument Co., Ltd., Yueqging, China, Online purchase) intelli-
gent pressure-velocity—air volume meter. Measurement of flow rate was carried out using
the differential pressure method with three-stage measurement. The suspension velocity of
jujubes and the suspension velocity of date leaves and other impurities were measured.

2.2.3. Measurement of the Binding Force of Jujubes

In order to investigate the distribution of shedding forces in the jujubes, we randomly
selected 50 ripe bottle jujubes. Measurement of the shedding force of the jujubes was
carried out with the help of SH-50 N digital display push—pull force gauge. The results
showed a wide range of distribution of date shedding force values, extending from 2 N to
9.8 N, and the distribution was correlated with the volume of the jujubes. Among them,
the percentage of jujubes with shedding force of 5-7 N was about 50%. After data analysis,
was found that the measured values were reasonable, there were no outliers, and they were
in line with the characteristics of normal distribution. Based on the above research results,
to ensure that the pneumatic jujube harvester can meet the required binding force for all
jujubes, considering the range of jujube dropping force comprehensively, the picking force
of the pneumatic jujube harvester was designed to be 9.8 N. For specific parameters, please
refer to Table 1.
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Table 1. Basic material parameters of jujube.

Parameters Value Unit
Length 21.12-49.5 mm
Wide 18.72-39.11 mm
Thickness 16.9-32.08 mm
Quality of individual fruits 14-29 g
Floating speed 20.56-25.59 m/s
Binding force 2938 N

3. Overall Design and Working Principle

A schematic diagram of the pneumatic jujube harvester’s structure is shown in
Figure 1. It includes a self-regulating picking mechanism, telescopic conveying tube, nega-
tive pressure generator, clearing mechanism, double-chamber collection box, single door
shell, control assembly, generator, traction mobile chassis, and other components. It can be
hooked up with a hand-held tractor, four-wheeled tractor, and other power machinery for
use. Its key technical parameters are shown in Table 2.

self-adjusting picking
mechanism

telescopic

single door
housing

generator
traction hanging
structure

control

assembly chassis

Figure 1. Schematic diagram of the structure of the pneumatic jujube harvesting machine.

Table 2. Key technical parameters of the pneumatic jujube harvester.

Parameters Value Unit

Total machine size (L x W x H) 1500 x 800 x 600 mm
Total mass 210 kg

Matched power 8 kw
Working width 25 m

When the pneumatic jujube harvester is working in the field, the main unit and the
generator are fixed on the towing mobile chassis and connected to power machinery such
as a hand-guided tractor or four-wheel tractor. It is powered by an alternator, and the
motor and negative-pressure generator provide power.

When this pneumatic jujube harvester is in operation, the handheld self-adjusting
picking head, utilizing negative-pressure suction for assistance, guides the jujubes closer to
the rotating picking roller in the opposite direction to complete the picking. The mixture
enters the main unit through the telescopic conveying pipe. Due to the expansion of the air
duct, the cleaning air velocity decreases. The heavier jujubes fall to the upper cleaning baffle
under the effect of gravity and are eventually guided into the jujube collection box through
the lower cleaning baffle. Light impurities are carried into the air duct by the airflow and
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fall into the impurity collection box through the self-cleaning mechanism, achieving the
simultaneous completion of picking and cleaning.

4. Structural Parameter Design of the Pneumatic Jujube Harvester
4.1. Design of Picking Roller

A mature bottle jujube can be approximated as an axisymmetric figure. The axis of
symmetry and the position of the fruit stalk coincide with the ruler gauge to measure
its shape. The shape of the outline is depicted in a right-angled coordinate system to
obtain the longitudinal cross-section along the axis of symmetry of the bottle jujube. The
longitudinal section can be approximated as an axisymmetric modified ovoid curve, which
is characterized by the introduction of segmentation parameters to achieve the morphology
of “narrow at the top and wide at the bottom” while maintaining symmetry [15].

The symmetrical modified ovoid curve is as follows:

r(0) = a(l + kcose)(l + esin? 6) (1)

where a is the radius, mm; k is the shrinkage factor, 0 < k < 1; € is the expansion coefficient,
€ > 0; 0 is the polar angle.

In order to more accurately match the “long inverted ovoid” character of jujubes, the
polar angle range can be divided into the top and bottom regions and assigned different
parameters as follows:

1(0) = { a(l + kycos0) top region(0 < 0] < T) )
a(l + kocosd) (1 + esin®0)  bottomarea(F < 0] < m)

where k; is the top shrinkage factor, k; > 0; k; is the bottom shrinkage factor, ky < ky; € is
the coefficient of expansion, € > 0.

Figure 2 shows the force conditions of the picking roller and the jujube during the
picking process. When the resultant force acting on the jujube is greater than the binding
force of the fruit stalk, the fruit stalk breaks and the jujube falls off.

Fo — 2Fcosax = 0 (3)

VE2+E2 = VF @)

where Fj is the collision force of picking rollers on the jujube, N; F is the friction of picking
rollers on the jujube, N; F is the combined impact force of picking rollers on the jujube, N;
is the angle between the combined impact force and the vertical direction.

Figure 2. Force analysis diagram of jujube.
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The picking mechanism of the pneumatic jujube harvester adopts a double-roller
design. Its core working principle is as follows. For power transmission, the picking
motor drives two custom-made picking rollers in the shape of jujubes to rotate in opposite
directions through the gear transmission. In the picking process, when the tips of the two
rotating picking rollers simultaneously touch the top of a jujube, they apply a downward
pulling force. For fruit separation, the continuous pulling force eventually exceeds the limit
that the fruit stalk can bear, causing it to break and achieving the separation of the jujube
from the branch. The picking mechanism consists of three main parts. The jujube-shaped
picking roller is customized to the shape of a jujube and is responsible for contact and force
application. The transmission gears transmit power and ensure that the two picking rollers
rotate in opposite directions. The picking motor provides the power.

Figure 3 shows the structural schematic diagram of the jujube-shaped picking stick.
In response to the size and shape of the jujubes, the two picking rollers are designed as
concave arc-shaped structures, precisely fitting the upper curve of the jujubes. They can
fully accommodate a single jujube body and effectively prevent the jujubes from getting
stuck. The surface of the wheel body is wrapped with high-density sponge, and its natural
expansion state is suitable for picking jujubes. When encountering jujubes, the sponge is
deformed under pressure, providing cushioning protection and reducing the damage rate.

Figure 3. Schematic diagram of the structure of the picking roller.

4.2. Design of Self-Regulating Mechanism

To reduce the rate of damage to fruit during the mechanical harvesting of jujubes and
to improve adaptability, an innovative self-regulating double-picking roller mechanism has
been designed. Tests show that for jujubes within the range of 20-35 mm in diameter, this
mechanism can maintain a constant clamping force, and the breakage rate is reduced by
62.3% compared with traditional fixed mechanisms.

This self-regulating mechanism adopts a three-stage gear transmission system. The
motor power forms a first-stage meshing with the gear shaft 2 (z2 = 10) through the pinion
(z1 = 11) at the end of the main shaft. The gear shaft 2 drives the large gear 1 (z3 = 30), and
then through the idler gear (z4 = 20), it drives the large gear 2 (z5 = 33) to complete the
second and third stages of transmission. This design ensures that the two picking rollers
achieve precise 1:1 synchronous rotation, with a synchronization error of less than £1.5°.
The structure is shown in Figure 4.
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Figure 4. Schematic diagram of the structure of the self-adjusting mechanism. (1) large gear 2; (2) idler
pulley; (3) gear shaft 1; (4) gear shaft 2; (5) slide 1; (6) picking motor; (7) large gear 1; (8) spring 1;
(9) slide 2.

The calculation of the three-stage transmission ratio is shown in Equation (5):

) Zy Zs

1—Z—1><Z—3><Z—4

®)
where Z; represents the gear shaft 1 teeth; Z, represents the gear shaft 2 teeth; Z3 represents
the large gear 1 tooth; Z, is the number of idler teeth; Z5 represents the large gear 2 teeth.

As shown in Figures 4 and 5, the idler wheel is installed on the slide rail 2, which
can slide up and down, while the bearing housing of the left picking roller is installed
on the slide rail 1, which can slide left and right. The compressed spring 1 under the
idler wheel provides elastic force to ensure that the idler wheel meshes with the two large
gears for force transmission. The tension spring 2 connecting the two picking roller axles
maintains the tension between the wheels. The two springs work together to ensure that
the gear set is always engaged. When picking large fruits, the left wheel moves left to
increase the wheelbase, and the idler wheel moves upward under the action of spring 1 to
compensate, maintaining continuous power transmission. After the fruit passes through,
the two spring-driven mechanisms automatically reset to achieve adaptive adjustment of
the track.

— T —7 e

c

Figure 5. Top view of self-adjusting mechanism: (1) Telescopic conveyor port; (2) Spring 2.

Calculate the tension and elasticity of the spring according to Hooke’s Law, as shown
in Formula (6):
F = kx (6)

where F is the spring elasticity/tension; k is the coefficient of restitution, where k1 > k2,
N/m; x represents the spring row variable, m.
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4.3. Fan Selection

The pneumatic jujube harvester includes a jujube-type picking roller as the main
picking part. Negative pressure gas inhalation provides auxiliary work. In the main body
of the box, the speed difference in the flow of gas through the jujubes and jujube leaves
and other impurities in the suspension completes the process of clearing and selection. The
position of the picking head produces a negative-pressure airflow. In this process, avoid
large-scale movement of the picking head can reduce labor intensity, and negative-pressure
airflow can also avoid the mixture of jujubes and impurities blocking the pipeline.

The model of the fan can be selected according to the air speed, air pressure, and air
volume required during the operation of the machine.

Due to the large difference in the suspension speed of jujubes, date leaves, and other
impurities, the wind speed and wind pressure required for clearing is small, and the fan
design only needs to meet the wind pressure, wind speed, and flow rate required by the
conveying pipe and the mouth of the picking head. The wind pressure required by the
system is equal to all the pressure loss plus the pressure required by the conveying pipe,
i.e., the wind pressure required is equal to the pressure loss of each part. This pressure loss
mainly includes dynamic pressure loss, friction pressure loss, and local pressure loss in the
conveying pipe.

4.3.1. Wind Speed Selection

The wind speed is determined with reference to the suspension speed of fresh jujubes
and the host volume. In order to avoid the clogging of the mixture of jujubes and impurities
in the conveying pipe, the design wind speed should be greater than or equal to the
suspension speed of the jujubes, and the wind speed is taken as the maximum suspension
speed of jujubes, 25 m/s.

4.3.2. Calculation of Wind Pressure

Dynamic pressure loss:

P, = gVZ @)

where p is the air density, kg/m3; v is the gas velocity, suspension speed of taking jujube,
m/s.
Friction pressure loss, caused by the friction of the airflow against the pipe wall, is
calculated according to the Darcy—Weisbach formula, as follows:
L pv?
Ppn=f—=—
=t ®
where f is the coefficient of friction of the pipes; L is the pipe length, m; D is the pipe inner
diameter, m.
Local pressure loss at the suction port is calculated as follows:

2
P = (5 + o@)% )

where § is the local pressure loss coefficient of suction outlet, = 5; 040, is the mixing
ratio, harvesting machinery o, = 0.01-0.03, = 0.02; v is the inhalation flow rate, m/s; p is
the dust-to-gas velocity ratio, usually 0.5-0.8, p= 0.6.

The total pressure required by the system is as follows:

Py + Pm + Py (10)
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4.3.3. Calculation of Air Volume

Pot bottle jujubes have a maximum long axis of 48 mm. The average long axis in
approximately 38 mm; in order to reduce the probability of blockage of jujube and impurity
mixtures occurring in the conveying pipe conveying process, we selected an inner diameter
of 75 mm for the inner wall of the smooth rubber telescopic tube connecting the host
computer and the picking head. This operates as a conveying pipe to reduce the friction
pressure loss. At the same time, it enables free telescopic bending. The work process is
flexible, to minimize the blind picking zone between the jujube tree branches and trunks.

The required airflow is as follows:

AV
Q=% (11)

where A is the cross-sectional area, m?%; V is the duct air velocity, m/s; N is the sealing
factor of the system, 0.8-0.95.

According to the above parameters and formulas, the maximum wind speed required
by the pneumatic jujube harvester is 25 m/s, the required wind volume is 576.97 m3/h,
and the required wind pressure is 1574.74 Pa. Two single-phase series-excited high-speed
electric fans were selected to meet the demand. The fan model was HLX1600-GS-PE
(Shanghai Zhoushui Electric Co., Ltd., Shanghai, China, Online purchase), the fan power
was 1600 W, and the rotational speed was 37,000 r/min.

4.4. Design of the Cleaning Device

This separation and impurity removal device uses the difference in the floating speed
of jujubes and impurities for cleaning. After the mixture leaves the conveying pipe, it enters
the main unit box. The increase in the box space leads to a decrease in wind speed, but it
is still higher than the floating speed of impurities. The red dates, being relatively heavy,
rolled onto the upper baffle and then rebound through the lower baffle into the red date
collection box. The lighter impurities are sucked by the airflow into the inclined automatic
cleaning and anti-clogging device for interception and eventually fall into the impurity
collection box to achieve separation. The structure is schematically shown in Figure 6.

Figure 6. Main view of the clearing mechanism: (1) Upper baffle; (2) Telescopic conveyor tube;
(3) Lower baffle; (4) Duct; (5) Mesh belt; (6) Blower; (7) Double-chamber collection box.

To achieve the separation of jujube leaves from red dates, the main unit is designed
with a horizontal wind speed of 3.5 m/s (greater than the floating speed of jujube leaves).
The mixture has an initial downward velocity when it leaves the tube opening. The light
jujube leaves are tossed horizontally and drift to the lower right under the influence of
wind speed. Heavy jujubes are less affected by wind speed and mainly move downward,
thus achieving effective separation.



Agronomy 2025, 15, 1881

10 of 24

This self-cleaning anti-clogging device is driven by a motor to drive the active wheel,
which rotates the 45° inclined mesh belt counterclockwise and is equipped with brushes.
The rotation of the mesh belt carries impurities away from the high-suction port area of
the negative-pressure generator. Some impurities fall off by themselves due to weakened
suction or gravity. The residual impurities that fall off automatically are forcibly removed
by brushes and eventually fall into the impurity collection box, achieving automatic anti-
clogging and impurity removal. Its structure is shown in Figure 7.

—

I

Figure 7. Schematic diagram of self-cleaning mechanism: (1) follower wheel; (2) fan air outlet;
(3) active shaft; (4) brush; (5) cleaning motor.

To avoid the movement of the mesh belt on the wind field to produce a greater impact,
a 3 cm square hole mesh belt is used, with a wire diameter of d = 1.5 mm, thickness of
1.5 mm, porosity € = 0.91, length of 50 cm, width of 40 cm, and a speed of u = 0.1 m/sin
the horizontal direction 45° to the upper left side. The specific calculations are shown below.

The suction wind speed generated by the suction port channel of the fanis Vy =5 m/s,
and the wind speed is decomposed into components perpendicular and parallel to the
blocking net. The calculation process is shown in Equations (12)-(20).

The vertical component is calculated as follows:

Vi = Vycosd5° (12)
The parallel component calculation is as follows:
Vo = Vpsin45° (13)

The breakdown of blocking movement speed perpendicular to the direction of wind
speed is as follows:

U1 = ucos4ds° (14)

Parallel to the direction of wind speed, it is as follows:
Uy = usinds° (15)
Relative speed in the vertical direction is expressed as follows:
Vien =V1+1u (16)
In the parallel direction, it is as follows:

Viep = Va2 + 12 (17)
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Vertical pressure drop is expressed using the porous media pressure drop equation,

as follows: ) )
AP = 5pvrell 5= (1 — 8) (18)
2 €
Downstream velocity and turbulence analysis use the following equations.
Vertical velocity after passing the block is expressed as follows:
Vi' = Viene — g (19)

Neglecting friction in the parallel direction maintains an approximate constant
Vo' & V1o The synthesis of cleaning speed is as follows:

Vcleaning = \/ V2 + %' (20)

Based on the above calculations, it is concluded that the pressure drop during the
movement of the single-layer mesh belt is 0.077 Pa, and the cleaning wind speed is 4.74 m/s.
When the second layer of the self-cleaning anti-clogging device moves in the reverse
direction, the cleaning wind speed is reduced by 10.4% and the air pressure is reduced by
0.154 Pa, as calculated by the same formula. The wind speed is greater than the suspension
speed of the jujube leaves, meeting the design requirements.

5. Field Trials

To further verify the performance of the pneumatic jujube harvester, a field experiment
was conducted in a jujube forest with an average temperature of 24 °C, jujube trees in the
mature stage, a moisture content of 69.65%, an average tree height of 2.2 m, a tree diameter
of 14 cm, and a tree crown width of 3.3 m. The trees were 4 to 5 years old, with a tree
spacing of 3.8 m and a row spacing of 4.5 m. They were of the short and dense type. The
experimental process is shown in Figure 8, below.

Figure 8. Field test.

The impurity rate is the ratio of the mass of impurities to the mass of the mixture,
as follows:
X = 2 100% (1)
m

where X is the impurity rate,%; m; is the impurity mass, kg; m—mass of mixture, kg.
The breakage rate is the ratio of the mass of broken jujubes to the total mass of picked
jujubes, as follows:

Y = 22« 100% (22)
mg
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where Y is the breakage rate, %; mj; is the broken quality, kg; my is the total mass of jujubes
in the collection box, kg.

The leakage rate is the ratio of the mass of unpicked jujubes to the total mass of jujubes,
as follows:

Z =2 « 100% (23)
my

where Z is the leakage rate,%; mj is the quality of unpicked jujubes, kg; my is the total mass
of all jujubes, kg.

To assess harvesting efficiency, the harvester was started to harvest jujubes in the
selected operation area. At the end of the operation, all the jujubes in the collection box
were weighed and recorded as my. The time taken to complete the harvesting operation
in the operational area was recorded using a timer t. The time taken to complete the
harvesting operation in the operational area was recorded using a timer.

W= ? (24)
where W is the harvesting efficiency, kg/h; my is the total mass of jujubes in the collection
box, kg; t is the time spent on harvesting operations, h.

In the course of the field trials, single-factor and multi-factor tests were carried out
on the pneumatic jujube harvester with suction wind speed, picking roller rotational
speed, and upper and lower cleaning baffle angles as test factors, and leakage picking rate,
breakage rate, impurity content rate, and picking efficiency as evaluation indexes.

5.1. One-Factor Test

The picking roller’s rotational speed directly affects the picking efficiency. The upper
and lower cleaning baffle angle and wind speed directly affect the rate of impurities. In
order to determine whether the pneumatic jujube harvester is suitable for the working
parameters, we selected four test factors. The material characteristics and suspension
characteristics of jujubes and impurities and the appropriate amplification determine the
suction wind speed and the upper and lower cleaning baffle angles. According to the
current artificial picking efficiency, and to determine the picking roller rotational speed
level, four test factors are shown in Table 3.

Table 3. Key technical parameters of pneumatic jujube harvester.

Suction Wind Rgtzl:i?fa}{;)ll:: d Upper Cleaning Under Cleaning
Speed m/s - SP Baffle Angle® Baffle Angle®
r/min
20 27 10 10
22 31 15 15
24 35 20 20
26 25 25

For the single-factor picking test, the other three factors except the variable factors were
taken as fixed values. The suction wind speed was selected, the picking roller rotational
speed and the upper and lower cleaning baffle angles were fixed values. The picking
roller rotational speed was selected, and the suction wind speed and the upper and under
cleaning baffle angles were fixed values. The upper cleaning baffle angle was selected, and
the suction wind speed, the picking roller rotational speed, and the lower cleaning baffle
angle were fixed values. The lower cleaning baffle angle was selected, and the suction wind
speed, the picking roller rotational speed, and the upper cleaning baffle angle were fixed
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values. The four test factors were taken as fixed values of 24 m/s, 31 r/min, 15° and 20°,
respectively.

During the test, we turned on the power supply, adjusted the parameters to the test
level, and held the picking head to select an unpicked jujube tree to start the test. Each
group of picking tests lasted for two to three minutes. After the test, we turned off the
power supply, and manually counted the number of unsuccessfully picked jujubes. We
opened the double-chamber collection box to weigh the jujubes and the impurities. We
manually checked the breakage of jujubes and their classification. Weighing and recording
of test data were repeated three times to obtain average values to reduce the error. The test
results are shown in Figure 9.
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Figure 9. Results of the one-factor test.

The experimental results show that, with the increase in suction wind speed, the
picking efficiency gradually increased, the impurity rate and the breakage rate decreased
first and then increased, reaching their lowest at 24 m/s, and the leakage rate gradually
decreased. With the increase in picking roller rotational speed, the picking efficiency and
the impurity rate gradually increased, and the breakage rate and the leakage rate decreased
first and then increased. With the gradual increase in the angle of the upper baffle plate,
the impurity rate decreased first and then increased, and the rest of the changes were not
significant. With the gradual increase in the angle of the lower baffle, the breakage rate
gradually increased, the impurity content decreased first and then increased, and the rest
of the changes were not obvious.
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5.2. Performance Optimization Regression Test

Through the single-factor test and test prototype pretest program, in order to carry out
scientific and effective experiments, we explored the interaction between multiple factors,
looking for the best performance parameters of the jujube harvester. We used a Box-Benken
center combination experimental design to carry out the four-factor three-level regression
test. For the suction wind speed 20 m/s, the rate of impurity content, leakage rate, picking
efficiency were not ideal; only the breakage rate is lower. The difference at 22 m/s was
only 0.2%, and the comprehensive effect was not obvious; when the upper and lower baffle
angles were 10° the breakage rate and the impurity rate were not the smallest. With an
increase in the angle there was a tendency for these to reduce. Therefore, according to the
relationship between the picking parameters and picking indicators, we selected the more
suitable picking parameters for the regression test. The test factors and levels are shown in
Table 4.

Table 4. Coding table for the levels of the test factors.

Considerations
Suction Wind Speed/A Picking Roller Upper Cleaning Baffle  Lower Cleaning Baffl
Encodings uction Wind Spee Rotational Speed/B pper Cleaning Baffle ower Cleaning Bafle
(m/s) . Angle/C (°) Angle/D (°)
(r/min)

-1 22 27 15 15

0 24 31 20 20

1 26 35 25 25

The test program and response values are shown in Table 5.
Table 5. Results of the test program and response values.
Serial Level of Factors Response Value
Number A B C D X (%) Y (%) Z (%) W (kg/h)

1 1 0 0 -1 425 1 2.09 771
2 1 0 -1 0 5.16 1.01 2.15 76.39
3 0 0 -1 -1 1.03 1.31 6.34 61.98
4 -1 0 0 -1 7.77 0.9 4.03 68.97
5 0 -1 0 -1 1.14 1.32 6.21 63.52
6 -1 0 -1 0 5.89 1.39 8.36 60.38
7 0 1 0 -1 2.69 1.8 4.39 68.28
8 1 -1 0 0 347 1.02 1.62 77.84
9 -1 -1 0 0 5.78 091 4.31 69.37
10 0 0 1 -1 1.05 1.81 421 69.97
11 0 -1 -1 0 1.07 0.79 3.06 71.39
12 0 1 -1 0 2.61 0.83 3.67 70.39
13 0 0 0 0 191 0.82 391 72.48
14 0 0 0 0 1.16 0.8 3.48 70.97
15 1 1 0 0 3.49 1.48 4.17 67.08
16 0 0 0 0 1.89 13 6.48 63.45
17 1 0 1 0 3.53 1.96 3.41 75.38
18 0 -1 1 0 3.47 1.3 6.31 63.47
19 0 1 1 0 1.05 0.81 3.81 72.24
20 -1 1 0 0 6.96 0.9 4.26 68.31
21 -1 0 1 0 5.94 0.92 4.47 67.14
22 0 0 -1 1 1.8 0.82 3.67 71.08
23 1 0 0 1 3.36 1.01 1.94 78.61
24 0 -1 0 1 1.15 1.82 4.71 67.61
25 -1 0 0 1 591 1.87 5.06 68.41
26 0 1 0 1 1.86 1.81 4.29 68.69
27 0 0 1 1 2.72 0.83 3.62 71.57
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Design-Expert 13.0 was utilized to carry out multivariate fitting of the data in the table
and then obtain the regression equations of the effects of suction wind speed, picking roller
rotational speed, upper cleaning baffle angle, and lower cleaning baffle angle on the impu-
rity rate, breakage rate, leakage rate, and picking efficiency, to carry out the significance
test, and then finally, to carry out the response surface analysis of the experimental indexes
of each factor to derive the optimal experimental parameters for the jujube harvester.

5.2.1. Impurity Rate Regression Analysis and Significance Test

The experimental data were analyzed using Design-Expert 13.0 software and the
results of the significance test of the regression equation are shown in the table. For the
impurity rate model X, the significant level p-value is less than 0.0001 and the fit is highly
significant (p < 0.01). The p-value of the misfit term is 0.111, and the misfit term is not
significant at a level greater than 0.05. The coefficient of determination of the regression
equation, R? = 0.9773, indicates that more than 97% of the evaluation indexes can be
explained by the change of the mathematical model, and the regression equation of the
effect of each test factor on the impurity rate is obtained as shown in Equation (25):

X = 1.09 —1.25A — 0.06B + 0.4792C + 0.0583D +- 0.005AB + 0.025AC

25
—0.0125AD — 0.1875BC — 0.0025BD + 3.61A% + 0.562B2 + 1.31C2 — 0.0862D? (25)

From the results of ANOVA, it can be seen that the p-values of suction wind speed A,
upper cleaning baffle angle C, and square terms A? and C? in the model of the impurity
rate are <0.01, which is highly significant. Thus, the degree of influence of each factor on
the impurity rate, from big to small, is the suction wind speed A, upper cleaning baffle
angle C, picking roller rotational speed B, and the angle of the lower baffle D. The ANOVA
results are shown in Table 6.

Table 6. Analysis of variance of impurity rate regression.

Impurity Rate
Source
Sum of Squares df Mean Square F-Value p-Value
Model 107.74 14 7.7 312.77 <0.0001
A 18.73 1 18.73 760.99 <0.0001
B 0.0432 1 0.0432 1.76 0.2098
C 2.76 1 2.76 111.97 <0.0001
D 0.0408 1 0.0408 1.66 0.222
AB 0.0001 1 0.0001 0.0041 0.9502
AC 0.0025 1 0.0025 0.1016 0.7554
AD 0.0006 1 0.0006 0.0254 0.876
BC 0.1406 1 0.1406 5.72 0.0341
BD 0 1 0 0.001 0.9751
CD 0 1 0 0 1
A? 69.41 1 69.41 2820.76 <0.0001
B? 0.0169 1 0.0169 0.6858 0.4238
C? 9.08 1 9.08 369.13 <0.0001
D? 0.0397 1 0.0397 1.61 0.2282
Residual 0.2953 12 0.0246
Lack of Fit 0.2884 10 0.0288 8.4 0.111
Pure Error 0.0069 2 0.0034
Cor Total 108.04 26

5.2.2. Regression Analysis of Breakage Rate and Significance Test

For the breakage rate model Y, the significant level p-value is less than 0.0001 and the fit
is highly significant (p < 0.01). The p-value of the misfit term is 0.5791, which is greater than
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0.05. The misfit term is not significant, and the coefficient of determination of the regression
equation is R? = 0.9997, which indicates that more than 99% of the evaluation indexes can
be explained by the change of the mathematical model. The regression equations for the
effect of each test factor on the impurity rate are obtained as shown in Equation (26):

Y = 0.8+ 0.0458A + 0.2575B + 0.015C + 0.0167D + 0.0075AB — 0.015AC

26
+0.1567A% + 0.7492B? + 0.0254C? + 0.0729D? (26)

From the ANOVA results, it can be seen that in the breakage rate model, the p-values
of the square terms AZ? B2, C2, and D? of the suction wind speed A, picking roller rotational
speed B, upper cleaning baffle angle C, and under cleaning baffle angle D are <0.01,
indicating a highly significant effect on the breakage rate, and the degree of influence
of each factor on the breakage rate from the largest to the smallest is the picking roller
rotational speed A, the suction wind speed B, the lower cleaning baffle angle D, and the
upper cleaning baffle angle C. The results of the analysis of variance (ANOVA) indicate that
the breakage rate model has a highly significant effect on the breakage rate. The ANOVA
results are shown in Table 7.

Table 7. Regression ANOVA for breakage rate.

Breakage Rate

Source
Sum of Squares df Mean Square F-Value p-Value
Model 422 14 0.3013 1132.67 <0.0001
A 0.0252 1 0.0252 94.78 <0.0001
B 0.7957 1 0.7957 2991.57 <0.0001
C 0.0027 1 0.0027 10.15 0.0078
D 0.0033 1 0.0033 12.53 0.0041
AB 0.0002 1 0.0002 0.8460 0.3758
AC 0.0009 1 0.0009 3.38 0.0907
AD 0.0000 1 0.0000 0.0000 1.0000
BC 0.0000 1 0.0000 0.0000 1.0000
BD 0.0000 1 0.0000 0.0000 1.0000
CD 0.0000 1 0.0000 0.0000 1.0000
A? 0.1309 1 0.1309 492.17 <0.0001
B? 2.99 1 2.99 11,254.32 <0.0001
C? 0.0034 1 0.0034 12.95 0.0037
D? 0.0284 1 0.0284 106.61 <0.0001
Residual 0.0032 12 0.0003
Lack of Fit 0.0030 10 0.0003 2.99 0.2764
Pure Error 0.0002 2 0.0001
Cor Total 4.22 26

5.2.3. Leakage Rate Regression Analysis and Significance Test

For the leakage rate model Z, the significant level p-value is less than 0.0001 and the
fit is highly significant (p < 0.01). The p-value of the misfit term is 0.7745, greater than
0.05; the misfit term is not significant. The regression equation coefficient of determination
R? = 0.9609, which indicates that more than 96% of the evaluation indexes can be explained
by the change of mathematical model. The regression equation of the effect of each test
factor on the impurity rate is as shown in Equation (27):

Z= 3.45—126A —0.9833B — 0.0442C + 0.333D + 0.635AB + 0.0725AC — 0.12AD
+0.0675BC + 0.1575BD — 0.0725CD — 0.3113A2 + 1.95B2 (27)
+0.0638C? 4 0.04D?
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From the results of the ANOVA, it can be seen that in the leakage rate model, the
p-values of suction wind speed A, picking roller rotational speed B, interaction term AB,
and square terms A?, B2 are <0.05, indicating a significant effect on the leakage rate. The
upper and lower baffles are not involved in the picking session and do not affect the leakage
rate, which is consistent with the design. The degree of influence on the leakage rate is
greatest for the picking roller rotational speed B, followed by the suction wind speed A.
The ANOVA results are shown in Table 8.

Table 8. Regression ANOVA for leakage rate.

Leakage Rate

Source
Sum of Squares df Mean Square F-Value p-Value
Model 59.62 14 426 46.59 <0.0001
A 19.03 1 19.03 208.14 <0.0001
B 11.6 1 11.6 126.93 <0.0001
C 0.0234 1 0.0234 0.2561 0.622
D 0.0133 1 0.0133 0.1459 0.7092
AB 1.61 1 1.61 17.64 0.0012
AC 0.021 1 0.021 0.23 0.6401
AD 0.0576 1 0.0576 0.6301 0.4427
BC 0.0182 1 0.0182 0.1994 0.6632
BD 0.0992 1 0.0992 1.09 0.318
CD 0.021 1 0.021 0.23 0.6401
A? 0.5167 1 0.5167 5.65 0.0349
B? 20.23 1 20.23 221.28 <0.0001
C? 0.0217 1 0.0217 0.2371 0.6351
D? 0.0085 1 0.0085 0.0934 0.7652
Residual 1.1 12 0.0914
Lack of Fit 0.8143 10 0.0814 0.5763 0.7745
Pure Error 0.2826 2 0.1413
Cor Total 60.72 26

5.2.4. Picking Efficiency Regression Analysis and Significance Test

For the picking efficiency model W, the significant level p-value is less than 0.0001 and
the fit is highly significant (p < 0.01). The p-value of the misfit term is 0.2362, greater than
0.05; the misfit term is not significant. The regression equation coefficient of determination
R? = 0.9413, which indicates that more than 94% of the evaluation indexes can be explained
by the change of mathematical model. The regression equation for the effect of each
experimental factor on the impurity rate is as shown in Equation (28):

W= 7153+4.15A +3.21B — 0.17C — 0.1033D + 0.0675AB — 0.3425AC + 0.365AD
—0.1075BC — 0.975BD — 0.055CD + 1.63A2 — 5.47B% — 0.2221C2 (28)
—0.0496D?

From the ANOVA results, it can be seen that in the picking efficiency model, the
p < 0.01 of suction wind speed A, picking roller rotational speed B, square terms A% and B?,
indicate that the effect on picking efficiency is highly significant, and the angle of the upper
and lower baffles does not affect the picking efficiency, which is consistent with the design.
The degree of influence of the test factors on the picking efficiency is greatest for the speed
of the picking roller A, followed by suction wind speed B. The ANOVA results are shown
in Table 9.
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Table 9. Picking efficiency regression ANOVA.
Picking Efficiency
Source
Sum of Squares df Mean Square F-Value p-Value
Model 573.65 14 40.98 30.8 <0.0001
A 206.84 1 206.84 155.5 <0.0001
B 123.26 1 123.26 92.67 <0.0001
C 0.3468 1 0.3468 0.2607 0.6189
D 0.1281 1 0.1281 0.0963 0.7616
AB 0.0182 1 0.0182 0.0137 0.9088
AC 0.4692 1 0.4692 0.3528 0.5636
AD 0.5329 1 0.5329 0.4006 0.5386
BC 0.0462 1 0.0462 0.0348 0.8552
BD 3.8 1 3.8 2.86 0.1167
CD 0.0121 1 0.0121 0.0091 0.9256
A? 14.13 1 14.13 10.63 0.0068
B? 159.41 1 159.41 119.84 <0.0001
C? 0.263 1 0.263 0.1978 0.6645
D? 0.0131 1 0.0131 0.0099 0.9226
Residual 15.96 12 1.33
Lack of Fit 15.12 10 1.51 3.61 0.2362
Pure Error 0.8373 2 0.4186
Cor Total 589.61 26

8: icking wheel speed (1/min)

5.3. Performance Optimization Regression Test Analysis
5.3.1. Effect of Factors on Impurity Rate (X)

Figure 10a indicates that when the upper and under baffles are at zero level, the suction
wind speed and picking roller rotational speed impact the impurity rate. According to the
graph, it can be seen that the interaction effect is not large. When the suction wind speed
is constant and the picking roller rotational speed increases, the impurity rate has an an
increasing trend, but the impact is not large. When the picking roller rotational speed is
unchanged and the suction wind speed decreases and then increases, the impact is more
significant, and the two interact with each other. When the two interact, the suction wind
speed plays a decisive role in the impurity rate.
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Figure 10. Response surface analysis of the effect of each test factor on impurity rate. (a) Suction wind
speed and picking roller speed. (b) Suction wind speed and upper cleaning baffle angle. (c) Suction
wind speed and lower cleaning baffle angle. (d) Picking roller speed and upper cleaning baffle angle.
(e) Picking roller speed and lower cleaning baffle angle. (f) Upper cleaning baffle angle and lower
cleaning baffle angle.

Figure 10b reflects the mutual influence of the suction wind speed and the upper baffle
angle on the impurity rate when both the rotational speed of the picking roller and the
angle of the lower baffle are at zero level. It can be seen from the graph that the interaction
has a significant impact. When the suction wind speed and the angle of the upper baffle
are at a medium level, the impurity rate drops below 1%. The results show that under the
interactive influence of the suction port wind speed and the angle of the upper baffle, taking
the suction port wind speed as the test factor, there is a decisive effect on the impurity rate.
From the perspective of monotonicity, as the angle of the upper baffle keeps increasing, the
impurity rate shows a trend of first decreasing and then increasing. With the continuous
increase in the suction port wind speed, the impurity rate shows a trend of first decreasing
and then increasing.

Figure 10c reflects when the picking roller rotational speed and the upper cleaning
baffle angle are at zero level, the suction wind speed and the lower cleaning baffle angle
interact with an effect on the impurity rate, but according to the graph, it can be seen that
the interaction effect is not large. When the suction wind speed remains unchanged and
the lower cleaning baffle angle continues to increase, the impurity rate first decreases. In
the increasing trend, a single effect is more obvious; when the lower cleaning baffle angle
remains unchanged and the suction wind speed increases, the impurity rate first decreases
and then increases. The single effect is more obvious when the lower cleaning baffle angle
remains unchanged and the suction wind speed increases. When the angle of the lower
baffle is kept constant, with the increasing suction wind speed, the impurity rate tends to
decrease first and then increase.

Figure 10d shows the interaction between the picking roller rotational speed and
the angle of the upper baffle on the impurity rate, when the suction wind speed and the
angle of the lower baffle are at zero level. When the picking roller rotational speed is kept
constant, as the angle of the upper baffle continues to increase, the impurity rate appears to
first to decrease and then increase; when the angle of the upper baffle stays the same, as the
picking roller rotational speed increases, the impurity rate follows a decreasing trend, but
the interaction between the two is less important for the impurity rate and the interaction
between the two effects on the impurity rate is small.

Figure 10e shows that the influence of picking roller rotational speed and lower
cleaning baffle angle on the impurity rate is very small.

Figure 10f shows the effect of upper and lower cleaning baffle angle on the impurity
rate when the suction wind speed and picking roller rotational speed are at zero level. From
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the figure, it can be seen that under the interaction of the two, the upper cleaning baffle
angle plays a decisive role in the influence of the impurity rate; from the point of view of
monotonicity, with the increasing angle of the lower baffle, there is a slight tendency for the
impurity rate to decrease and then increase, although the change is not obvious. When the
angle of the lower baffle is kept constant, with the increase in the angle of the upper baffle,
the impurity content decreases first and then increases, and the change is more obvious.

5.3.2. Effect of Factors on Breakage Rate (Y)

Figure 11a indicates the effect of the suction wind speed and picking roller rotational
speed on the breakage rate when the upper and under baffles are at zero level. From the
shape of the graph, it can be seen that in the interaction between the two, the picking roller
rotational speed has a decisive effect on the breakage rate. At a picking roller rotational
speed of 31 r/min and suction wind speed of 24 m/s, the breakage rate is the lowest, down
to less than 1%. From the monotonic point of view, with the increase in the picking roller
rotational speed, the breakage rate follows a trend of decreasing first and then increasing;
with the increase in suction wind speed, the breakage rate follows a trend of decreasing
first and then increasing.

Breakage rate (%)

8:Picking wheel speed (/min)

()

Figure 11. Response surface analysis of each test factor on breakage rate. (a) Suction wind speed

and picking roller speed. (b) Suction wind speed and upper cleaning baffle angle. (c) Suction wind
speed y and lower cleaning baffle angle. (d) Picking roller speed and upper cleaning baffle angle.
(e) Picking roller speed and lower cleaning baffle angle. (f) Upper cleaning baffle angle and lower
cleaning baffle angle.

Figure 11b,c reflects mutual influence of the suction wind speed and the upper and
lower cleaning baffle angle on the breakage rate. According to the response surface, it can
be seen that the interaction of the two has little influence on the breakage rate, which is
slightly affected only by the suction wind speed. Overall, with the increasing suction wind
speed, the breakage rateshows a trend of first decreasing and then increasing, because the
upper and under baffle plate surface are glued to the high-density sponge, to avoid the
damage to the jujube, and the design of the mechanical structure is consistent.

Figure 11d,e indicate the mutual influence of picking roller rotational speed and upper
and lower cleaning baffle angles on the breakage rate. According to the response surface, it
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Figure 12. Response surface analysis of leakage rate by test factors. (a) Suction wind speed and

can be seen that the interaction of the two has little effect on the breakage rate. The effect of
the picking roller rotational speed is more pronounced; in the interaction of the two, the
picking roller rotational speed plays a decisive role in the impact of the breakage rate, and
the design of the mechanical structure is consistent.

Figure 11f shows the effect of the upper and lower cleaning baffle angles on the
breakage rate when the suction wind speed and the picking roller rotational speed are at
the zero level. According to the response surface, it can be seen that the interaction between
the two has a small effect on the breakage rate. Regarding monotonicity, with the increasing
angle of the lower baffle, the breakage rate follows a decreasing and then increasing trend;
with the increasing angle of the upper baffle, there is a slight decreasing and then increasing
trend in the breakage rate, but the changes are neither significant nor obvious.

5.3.3. Effect of Factors on Leakage Rate (Z)

Figure 12a represents the interaction effect of suction wind speed and picking roller
rotational speed on the leakage rate when both upper and lower baffles are at zero level.
According to the surface morphology, the leakage rate is significantly affected by the inter-
action effect and reaches the minimum at the middle level of the picking roller rotational
speed. The leakage rate appears to decrease and then increase with the increase in the pick-
ing roller rotational speed; the suction wind speed’s impact on the leakage rate decreases
with the increase in the suction wind speed, and reaches its minimum at the maximum
suction wind speed. The minimum value is reached when the suction wind speed is at
its maximum.
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picking roller speed. (b) Suction wind speed and upper cleaning baffle angle. (c) Suction wind
speed and lower cleaning baffle angle. (d) Picking roller speed and cleaning baffle angle. (e) Picking
roller speed and lower cleaning baffle angle. (f) Upper cleaning baffle angle and lower cleaning
baffle angle.

Figure 12b,c show the surface morphology; it can be seen that the effect of the suction
wind speed and upper and lower cleaning baffle angle on the leakage rate of the interaction
is not significant, according to the curvature of the response surface. The leakage rate has
no interaction effect, consistent with the design of the mechanical structure.
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Figure 12d e also show the surface morphology; it can be seen that the effect of the
picking roller rotational speed and the upper and lower cleaning baffle angle on the leakage
rate of the mutual influence is not significant. The picking roller rotational speed is the
single factor affecting the trend. As the picking roller rotational speed continues to increase,
the leakage rate first decreases and then increases. The trend of the leakage rate in the
middle of the horizontal position of the graph is the lowest, and the design of the mechanical
structure is consistent.

The surface morphology shown in Figure 12f shows that the effect of the upper
and lower cleaning baffle angle on the leakage rate of mutual influence is not significant.
Because neither of these are not involved in the picking process, they do not affect the
leakage rate.

5.3.4. Effect of Factors on Harvesting Efficiency Rate (W)

Figure 13a represents the mutual influence of suction wind speed and picking roller
rotational speed on picking efficiency when both upper and lower baffles are at zero level.
According to the surface morphology, the picking efficiency is significantly affected by the
interaction effect of the two. The degree of change in the graph indicates that the influence
of the two on the picking efficiency is larger when the suction wind speed is 22 m/s, and
the picking roller rotational speed is 27 r/min, with the lowest picking efficiency about
60 kg/h. From the monotonicity point of view, the picking efficiency gradually increases
with the increase in suction wind speed, but it increases first and then decreases with the
increase in suction wind speed.

Harvesting efficiency (Kg/h)
Harvesting efficiency (Kg/h)

Harvesting efficiency (Kg/h)

Harvesting efficiency (Ko/h)
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Figure 13. Response surface analysis of experimental factors’ effects on harvesting efficiency.
(a) Suction wind speed and picking roller speed. (b) Suction wind speed and upper cleaning baffle
angle. (c) Suction wind speed and lower cleaning baffle angle. (d) Picking roller speed and upper
cleaning baffle angle. (e) Picking roller speed and lower cleaning baffle angle. (f) Upper cleaning
baffle angle and lower cleaning baffle angle.

Figure 13b,c show that the effects of suction wind speed and upper and lower cleaning
baffle angle on the picking efficiency of the interaction are not significant. According to the
curvature of the response surface, only the suction wind speed has an influence. Upper
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cleaning baffle angle and lower cleaning baffle angle are no interaction with the efficiency
of picking, and the design of the mechanical structure is consistent.

In Figure 13d,e, the surface morphology can also be seen. The effect of picking roller
rotational speed and upper and lower cleaning baffle angle on the picking efficiency of
the mutual influence is not significant. The picking roller rotational speed is the single
factor contributing to the trend; as the picking roller rotational speed continues to increase,
the picking efficiency first decreases and then increases. The trend in the middle of the
horizontal position of the picking efficiency graph is the largest, and the design of the
mechanical structure is consistent.

In Figure 13f, the surface morphology shows that the effect of the upper and lower
cleaning baffle angles on the picking efficiency of the interaction is not significant; because
neither are involved in the picking process, they do not affect the picking efficiency.

5.4. Optimal Parameter Combination and Validation Test

Based on the optimization module in Design-Expert, the optimal solution of the mathe-
matical model was found through the best combination of parameters, which were provided
as follows: suction wind speed 25.198 m/s, picking roller rotational speed 31.168 r/min,
upper cleaning baffle angle —18.93°, lower cleaning baffle angle 19.414°. The predicted val-
ues of the model were as follows: impurity content 1.586%, breakage rate 0.895%, leakage
rate 2.567%, and picking efficiency 74.791 kg/h. The following combinations of experimen-
tal parameters were determined and verified: suction wind speed 25 m/s, picking roller
rotational speed 31 r/min, upper cleaning baffle angle —19°, and under cleaning baffle
angle 19.5°. Based on the parameters, three experiments were carried out and averaged,
and the results were: impurity rate 1.537%, breakage rate 0.902%, leakage rate 2.592%,
picking efficiency 73.374 kg /h. The prediction results were 3.09%, 0.78%, 0.97%, 1.89%,
respectively, and the error difference is small, so the optimal parameters of the pneumatic
jujube harvester are suction wind speed 25 m/s, picking roller rotational speed 31 r/min,
upper cleaning baffle angle —19°, lower cleaning baffle angle 19.5°.

6. Conclusions

This paper presents a pneumatic jujube harvester. Through theoretical analysis and cal-
culation, a self-regulating double-roller jujube picking roller was designed, supplemented
by negative-pressure air flow, to pick fresh jujubes from the tree. The double-layer cleaning
device was used to separate the jujubes from impurities, completing the harvesting process
of fresh jujubes from the tree. The research group conducted a jujube harvesting experiment
in the jujube orchard using this jujube harvester. The test results showed that when the
suction wind speed was 25 m/s, the speed of the picking roller was 31 r/min, the inclina-
tion angle of the upper cleaning baffle was —19°, and the inclination angle of the lower
cleaning baffle was 19.5°, the impurity rate of the jujubes was 1.537%, the damage rate was
0.902%, the missed picking rate was 2.592%, and the picking efficiency was 73.374 kg/h,
achieving good mechanical harvesting of jujubes. Compared with the existing vibrating
or pneumatic mechanical harvesting methods for jujubes, this jujube harvester adopts a
combined mechanical and pneumatic harvesting method, achieving non-destructive and
efficient harvesting of fresh jujubes from the tree.
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